The first corrosion detection for the large grounding grid of a 220kV substation was performed based on electrical impedance tomography (EIT) technology. The impedance value of grounding grid branch which represented the corrosion state of metal was calculated using the current and voltage data acquired on-site through injecting a direct current from one down conductor and collecting voltage data from other down conductors. The results indicated that the impedance increase ratio of the No.143 grounding grid branch in test area D was higher than the warning value (>15 times), indicating a breakage has occurred on this grounding grid branch. The two-dimension corrosion image of the whole underground grounding grid was calculated and drawn accurately and visually using the corrosion diagnosis software. The corrosion rate of carbon steel was monitored in the serious corrosion area later, to realize the online corrosion monitoring of grounding grid metal. EIT technology realized the underground grounding grid statues visible exhibition, and could be used to detect the corrosion state, corrosion area and failure location of the underground grounding grid rapidly and effectively. This could reduce the blindness of corrosion detection for grounding grid and provide guidelines on the corrosion maintenance of underground grounding grid in large substation.
INTRODUCTION
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discharge channels for the lightning strike and fault currents, plays a key role on the guarantee for electrical equipment and personal safety for workers in substation [1] . Substation grounding grid is consisted of an underground grounding grid and hundreds of down conductors connected the electrical equipment with the underground grounding grid. The underground grounding grid is buried in soil as deep as 0.6 -1.5 m, resulting in some hidden failures cannot be detected easily. Those failures may due to the bad welding, metal corrosion in soil and other factors [2] . If a short circuit failure happened, when big fault currents passing through grounding grid after it suffered serious corrosion, it could cause the abnormally elevate of earth potential in substation, which might threaten the safety of personnel, and damage the low-voltage equipments because of the counterattack of high voltage [3] .
Nowadays, the electrical performance of grounding grid was mainly evaluated through the measurement of its grounding resistance [4] . However, the value of grounding resistance cannot reflect the corrosion degree and failure location of grounding grid directly and proportionally, and sometimes it can keep in the normal range (≤0.5Ω) even when some failure points had appeared in the grounding grid. Traditional excavation grounding grid inspection method has many disadvantages, especially working on the large grounding grid of substation on 220kV or higher level. Those disadvantages include the excavation need large workload and the partial excavation inspection results may not present the real corrosion degree of the whole grounding grid. Some scholars [5] [6] [7] have constructed many failure diagnosis technologies of grounding grid in substation based on the principle of electromagnetism, but most of these corrosion diagnosis technologies had not been applied in real substation, because of the complicated operation and the low detection sensitivity. There were few reports on the corrosion visual imaging technology for the whole underground grounding grid nowadays.
In view of this, the corrosion detection of grounding grid was performed in a 220kV transformer substation using the EIT equipment [8] . The corrosion state, failure location and two-dimension corrosion image of the whole underground grounding grid were obtained in the test. The result was consistent with excavation result, which shown the tests have high accuracy and the test is much faster than traditional method. And then, the corrosion rate of carbon steel was monitored in the obvious corrosion area, to realize the corrosion state monitoring of grounding grid metal. It could provide guidelines on the corrosion inhibition maintenance and improve the fine management ability of grounding apparatus in transformer substation.
EIT TECHNOLOGY FOR GROUNDING GRID CORROSION DETECTION

Technical Principle
Grounding grid metal can be considered as the pure resistance, on the condition of ignoring the small influence of soil and humidity [9] . The initial impedance of grounding grid is obtained according to the design specification of metal material. When the grounding grid metal suffered obvious corrosion, the cross section of metal would decrease, and consequently the impedance value of grounding grid branch would become much bigger than its initial impedance value [10] . Hence, the change of impedance could represent the corrosion degree of grounding grid directly.
EIT technology was based on the theory of electrical networks. In order to get the impedance data of grounding grid, a direct current of 1A was injected into the grounding grid from one down conductor and subsequent the voltages were acquired from the other fifteen down conductors which were connected with the underground grounding grid using the EIT equipment, shown in Figure 1 . After that, the impedance data were calculated using the corrosion diagnosis software based on the current and voltage data, and then the corrosion image of grounding grid which could directly represent the corrosion degree of each grounding grid branch was formed. If the number of grounding grid nodes and branches is n and b, respectively, the impedance of grounding grid branches can be calculated as Equations. (1)- (5).
where, A is the incidence matrix of grounding grid network; Y b and Y n are the admittance matrix of grounding grid branch and node, respectively; U b and U n are the voltage vector of grounding grid branch and node, respectively; I b and I n are the current vector of grounding grid branch and node, respectively. U n0 is the measured value of voltage in grounding grid node; U n (R) is the calculated value of grounding grid node. The impedance of grounding grid branch is calculated through seeking an R matrix which could make the function of f(R) minimum. The optimal solution of impedance can be calculated and obtained using Equation (5), and then the corrosion degree of grounding grid metal can be evaluated by comparing the calculated result with the initial impedance of grounding grid metal.
Tested Grounding Grid
The 220kV substation in Figure 2 which was built in 1995 has the length of 200m and the breadth of 160m, so the underground grounding grid was very large. The underground grounding grid metal was 60×5mm galvanized carbon steel, and was buried in soil as deep as 0.8 m. The down conductors were 40×4mm galvanized steel as designed. All down conductors had been replaced using 50×5mm galvanized steel in 2010. However, none corrosion inhibition measure was applied for the underground grounding grid.
Test Procedure
EIT equipment developed independently by ourselves was applied in the corrosion test of this grounding grid. EIT equipment is consisted of a testing computer which can fulfill the test process automatically and sixteen probe channels which could receive test data. During the test process, a direct current of 1A was injected into the grounding grid from one down conductor and the voltage data of several-hundred mV were acquired from the other fifteen down conductors. The test procedure was as follows:
(1) Division of test area. The whole grounding grid in this 220kV substation was divided into four test areas, i.e. test area A, B, C and D.
(2) Selection of down conductors. Sixteen down conductors were selected and numbered in each test area. The distribution of selected down conductors was shown in Figure 3 . Before test, the coating of down conductors was polished using a file, to ensure the electrical conductivity between down conductors and test probes. During test, the electrical conduction between down conductor and underground grounding grid should be ensured. The selected down conductor should be changed, if it had suffered serious corrosion as shown in Figure 4. (3) Data collection. Sixteen test probes of EIT equipment were connected with the numbered down conductors in each test area, respectively. And then the impedance data of grounding grid branch was test and acquired using EIT equipment as shown in Figure 5 . 
Distinguish of Corrosion State
The impedance of grounding grid metal can be expressed as Equation (6) .
where, r is the impedance of grounding grid branch metal; ρ, L and s are the electrical resistivity, length and cross-sectional area of metal, respectively.
Each branch of grounding grid could be considered as one pure resistance, as shown in Figure 6 . The impedance of grounding grid metal would become larger than its initial value, because the decrease of cross-sectional area of metal due to the soil corrosion.
The corrosion degree of grounding grid metal for a 220kV substation is judged by the electric power industry standard named "Technical guide for corrosion diagnosis of grounding grid" in China [11] , which is presented in Table I . 
Corrosion degree of grounding grid Increase ratio of impedance value
No corrosion/mild corrosion 0~7 times
Obvious corrosion 8~15 times
Severe thinning/ breakage >15 times
RESULTS AND DISCUSSION
Test Results of EIT
The work process of EIT is shown in Figure 7 . As many as 3840 test data was got during one time test. The test data were calculated and simulated using the corrosion diagnosis software of grounding grid, and then the increase ratios of impedance values were obtained for each grounding grid branches as shown in Figure 8 . As shown in Figure 8 (b), it should be mentioned that the impedance increase ratio of the No.143 grounding grid branch in test area D was higher than the warning value (>15 times), indicating a breakage or severe thinning has occurred on this grounding grid branch.
The impedance increase ratios of the grounding grid branches in test area A, B and C were below the alarm value which was set as 15 times larger than the initial value. It could be known from the test results that there was no severe thinning and breakage appeared in the grounding grid network for the test areas of A, B and C. However, some grounding grid brands had suffered obvious corroded in these areas.
Corrosion Image of Grounding Grid
According to the test data, the corrosion image of the whole grounding grid shown in Figure 10 was calculated and drawn using the corrosion diagnosis software. The two-dimension corrosion image, which was consistent with the topological structure of grounding grid as shown in Figure 3 , presented the corrosion degree, corrosion area and failure location of the underground grounding grid clearly. It indicated that a breakage or severe thinning appeared in test area D, and some grounding grid metal had suffered obvious corrosion which was focus on the centre of grounding grid in Figure 9 . Some corrosion inhibition measures could be applied to extend the serve life of this grounding grid. 
Excavation Verification for Grounding Grid
In order to verify the accuracy of the corrosion image, the excavation verification for the corrosion of grounding grid was performed after the two-dimension corrosion image of grounding grid was formed. The corrosion morphology of grounding grid in soil was shown in Figure 10 . Figure 10(a) showed the corrosion morphology of grounding grid branch located in the "obvious corrosion" area in Figure 9 , which presented the galvanic corrosion between Zn coating and Fe substrate occurred on the metal surface. Figure 10(b) showed the failure morphology of the No.143 grounding grid branch in test area D. The weld corrosion of two branches is the main reason leading the occurrence of breakage. The result of excavation proved the high accuracy of the corrosion image of grounding grid shown in Figure 9 .
Corrosion Maintenance Schedule of Grounding Grid
As presented in Figure 10 , the obvious corrosion of Fe substrate had appeared in the grounding grid, and the corrosion maintenance of grounding grid should be planned for this 220kV transformer substation. The main corrosion area of grounding grid has been illustrated in Figure 9 , which can provide guidelines on the corrosion maintenance for this grounding grid. Welding repair for this breakage of No.143 grounding grid branch should be performed as soon as possible. The use of resistance reducing agent or sacrificial anode was proposed to inhibit metal corrosion in the "obvious corrosion" area, in order to extend the serve life of grounding grid. Meantime, to realize the corrosion detection of grounding grid, the use of online monitoring instrument for grounding grid corrosion was also a good choice.
Corrosion Monitoring of Grounding Grid
In order to realize the corrosion monitoring of grounding grid metal, the corrosion rate of carbon steel was monitored in the serious corrosion area of grounding grid using Concerto MK2 CIS4k5 electrochemical noise monitoring system, shown in Figure 11 . The corrosion rate of grounding grid metal could be obtained using the online monitoring instrument. During the monitoring process from Dec. 2016 to Mar. 2017, the average corrosion rates of metal were 0.041mm/a in Dec., 0.034mm/a in Jan., 0.028mm/a in Feb., and 0.031mm/a in Mar., respectively. The corrosion rate of metal could be used to give a reference for the corrosion maintenance of grounding grid.
CONCLUSIONS
The corrosion state of the large grounding grid of a 220kV substation was detected and evaluated using EIT technology. A two-dimension corrosion image of whole underground grounding grid, which was consistent with its topological structure, was calculated and presented subsequently, according to the increase ratio of impedance of grounding grid metal. Hence, the accurate corrosion state of grounding grid such as corrosion degree, corrosion area and failure location had been obtained successfully for this 220kV substation, which could provide guidelines on the corrosion maintenance for the underground grounding grid subsequently. An online corrosion monitoring instrument was applied in this substation later, to realize the corrosion state monitoring of grounding grid metal.
EIT technology could be used to evaluate the corrosion degree of grounding grid rapidly and to detect the corrosion area and failure location of the underground grounding grid effectively under the condition of no need of excavation, without power cut and nondestructive. This method could realize the underground grounding grid statues visible exhibition, which could reduce the blindness of corrosion detection of grounding grid and improve the fine management ability of grounding apparatus.
